Abstract. A representative collection of spinel lherzolite xenoliths in Cenozoic basalts from the Baikal Rift (Khamar-Daban Range, Vitim Plateau, and Udokan Plateau), Tien Shan,
Introduction
Ultramafic xenoliths in alkaline basalts are the only source of information on the chemical composition and physical properties of the deep interiors of the Earth. Studies conducted over the past five decades have proved that spinel lherzolite strongly dominates among rocks found as mantle xenoliths in lavas. Based on various lines of petrological and geochemical evidence, most researchers are currently prone to regard spinel lherzolite xenoliths as fragments of mantle material entrained in magmas and brought to the surface during volcanic eruptions [Ringwood, 1975; and many others] .
One of the principally important issues actively discussed in the literature is the compositional heterogeneity of the upper mantle, which is remarkably differently interpreted by various researchers, first, in view of the lack of criteria for identifying this heterogeneity and, second, because the factual material is not always reliable enough. The possible heterogeneity of the upper mantle was first pointed out by Harris [Harris et al., 1967] . Later, based on more representative material, Hutchinson with colleagues [Hutchinson et al., 1975] arrived at the conclusion that the mantle underlying the Massif Central is laterally heterogeneous. However, according to an alternative viewpoint, which was expressed, for example, in [Basaltic..., 1981] , study of spinel lherzolite nodules provides very little information testifying to any significant compositional transformations in the upper mantle. The differences in the interpretations likely stem from the methods applied in studying the compositional heterogeneity of the Earth's mantle. First, there are no representative data on variations in the composition of nodules within single volcanic centers, and second, it is so far uncertain as to how much the compositional parameters of a mantle rock can vary within a single xenolith, which can be as large as 80-100 cm along their long axes.
Our study was focused on studying variations in the chemical and isotopic-geochemical composition of mantle xenoliths in Cenozoic alkaline basalts from various geodynamic settings in Northern Eurasia at various scale (the samples were collected at the Baikal Rift, northern Tien Shan, Pannonian Basin, Bohemian Massif, Catalonia, central and southeastern Spain, and Canary Islands. 
Variations in the Concentrations of Major and Trace Elements in Sample CH-1
The compositions of all rock-forming minerals were proved to vary from the central portion of the sample to its peripheries. Away from sample center, the olivine becomes systematically depleted in MgO, the clinopyroxene simultaneously enriches in Na 2 O, SiO 2 , and Cr 2 O 3 , whereas the orthopyroxene shows practically no systematic variations in its composition. The character of these variations was elucidated using factor analysis. The olivine shows a negative correlation between the Mg, Si and Fe* concentrations from the central part of the sample to its peripheries; the clinopyroxene displays negative correlations of Si, Ca, and Mg concentrations with its Ti and Cr contents; and the orthopyroxene exhibits analogous correlations of Mg with Cr and of Ca with Al and Si .
Similar tendencies are also seen in the behavior of trace elements: the Rb and Cs concentrations systematically vary from the central part of the sample to its peripheries. At the same time, the concentrations of Fe-group elements (Co and Cr) show significant variations not only from the central part of the sample to its peripheries but also within the sample. The maximum Cr and Co concentrations are almost twice as high as their minimum values (Table 1) .
Comparative analysis of variations in the concentrations of major and trace elements within the sample with analogous variations in xenoliths from other areas located far away from one another display overlaps in the ranges of their concentrations (Table 2 ).
These data demonstrate that the conclusion about Cr  1800 1500 1100 3000 1800 900  900  Mn  790 740 690 700 660 790  710  Co  78  30  35  25 115 40  35  Ni  2000 2000 2000 1800 1900 2400 2200  Cu  25  73  25  63  90  30  20  Zn  56  91  51  74 100 73  79 Note: numerals 1 through 7 correspond to the numbers of cubes in Figure 1 . [Grachev, 1989] . These data testify that the mantle underlying the Khamar-Daban Range is remarkably heterogeneous in composition. Moreover, the variations in the mantle composition beneath this part of the Khamar-Daban Range are comparable with the compositional variability typical of the whole continental mantle shown in Figure 3 . The degree of fractionation of mantle material is clearly seen in the Mg/Si-Al/Si and Ca/Si-Al/Si diagrams below ( Figure 4a and Figure 4b ), which also display for comparison the compositions of carbonaceous chondrite, pyrolite, and primitive mantle.
Most of the composition data points of the xenoliths cluster along the line of geochemical fractionation Jagoutz et al., 1979] , thus reflecting variations in the depletion of the mantle beneath Tumbusun-Dulga volcano. At the same time, approximately 10% of all of the studied xenolith compositions lies near or coincides with the compositions of pyrolite and the primitive mantle ( Figure 4a ). Based on the Ca/Si ratio of mantle rocks, Morgan [1986] has classified them into three groups: weakly depleted (> 0.09), moderately depleted (0.09-0.06), and strongly depleted (< 0.06). All of these groups were detected among xenoliths from Tumbusun-Dulga volcano, as can be seen in Figure 4b , which shows the compositional dis- [Ringwood, 1975] , 6 -C1 chondrite [Jagoutz et al., 1979] , 7 -primitive mantle , 8 -same [Anderson, 1983] , 9 -same [Palme and Nickel, 1985] , 10 -same [Grachev, 1989] , 11 -same [Kogarko et al., 1987] .
creteness of the xenoliths pronounced in their Al/Si ratio.
Variations in REE Concentrations in Mantle Xenoliths From Tumbusun-Dulga Volcano
According to their REE concentrations, the rocks composing the xenoliths can be subdivided into three groups ( Figure 5a , Figure 5b , and Figure 5c ). The first group comprises samples whose REE patterns are close to chondritic ones (Figure 5a ), the second group is made up of samples with negative Ce anomalies (Figure 5b) , and the third group includes samples with pronounced enrichment in LREE (Figure 5c) .
The first group of xenoliths (Figure 5a ) corresponds to the least depleted source and has REE concentrations two to five times higher than the chondritic ones. The second group (Figure 5b ) of rocks with negative Ce anomalies consists of xenoliths of mildly depleted mantle material. As follows from data on alnoite xenoliths from Malaita Island, Solomon Islands [Neal and Taylor, 1989] , the reason for the Ce anomaly was remelting of the crustal material in subduction zones.
Finally, the third group of xenoliths (Figure 5c ), which are obviously enriched in LREE, corresponds to mantle residues.
Comparison with known REE patterns of mantle rocks from elsewhere (Mongolia, southeastern Australia, San Carlos in the United States, and Dreiser Weiher in Germany), where single samples of ultramafic xenoliths in basalt were studied [Agafonov and Erkushev, 1984; Frey and Prinz, 1978; and several others] indicates that samples from a single locality may cover the whole range of variations in the REE concentrations relative to chondrite, except only for Alpine-type hyperbasites.
At the same time, data on REE distribution in mantle xenoliths from Tumbusun-Dulga volcano are in reasonably good agreement with data on the whole-rock composition of xenoliths from elsewhere and thus provides further support for the hypothesis that the regional mantle is indeed strongly chemically heterogeneous. One of the reasons for this heterogeneity is variations in the degree of melting, as follows from the evident correlations between the MgO and CaO concentrations with Al 2 O 3 (Figure 3 ).
Sm-Nd and He-Ar Isotopic Systematics of Mantle Xenoliths from Tumbusun-Dulga Volcano
This section presents the results of studying the Nd, Sr, He, and Ar isotopic ratios of mantle rocks from beneath Tumbusun-Dulga volcano.
In modern chemical geodynamics, the following three major types of mantle material are distinguished: primitive mantle (PM), depleted mantle (DM or MORB), and enriched mantle (EM) , with differences between them seen in the concentrations of major elements (Mg, Al, and Ca), REE, and Sm-Nd and He-Ar isotopic systems. The depletion of the mantle was related to its partial melting or metasomatism, and its enrichment was caused by subducted oceanic lithosphere (high 87 Sr/ 86 Sr> 0.7050). As follows from Figure 6 , xenoliths from Tumbusun-Dulga volcano occur as a swarm of data points (as these data points also do in the diagrams in Figures 3, 4 , and 5) extending from the primitive to depleted mantle fields. Note that this swarm of data points overlaps the field of the composition of the mantle beneath Europe. Data obtained on the Nd-Sr isotopic system of glasses from zones of partial melting in sample 979/152 from basalt of Tumbusun-Dulga volcano shed light on the reasons Figure 6 . 143 Nd/ 144 Nd-87 Sr/ 86 Sr diagram for xenoliths from Tumbusun-Dulga volcano in comparison with analogous data on xenoliths from elsewhere (our data). The black dashed line contours the compositional field of xenoliths from Western and Central Europe [Downes, 2001] , and the green dashed line outlines the field of xenoliths from East Asia [Xu et al., 2004] . BSE is the uniform chondritic reservoir.
for this chemical and isotopic heterogeneity. The xenolith represented by this sample, glasses in it, and its host basalt were proved to have closely similar isotopic signatures (Figure 7) .
The Sr and Nd isotopic ratios of glass in xenoliths in basalts from the Khamar-Daban Range and Vitim Plateau are closely similar and plot in the vicinity of BSE, whereas the data points of the xenoliths themselves lie on the mixing line of the BSE and MORB mantle sources. The isotopic composition of glass from the partial melting zone for the Tok Stanovoi Range lies within the field of xenoliths from the Khamar-Daban and Vitim, and the xenolith itself has isotopic ratios typical of MORB. The composition of glass in the xenolith from the Khamar-Daban Range corresponds to picrite basalt, and the U-Pb isochron for the glass yields an age of 22.7 ± 4.2 Ma, which is much older than the age of the host basalt, which was dated at 17-18 Ma. These data show that the mantle that is heterogeneous in chemical and isotopic composition beneath the Baikal Rift Zone (as follows from data on spinel lherzolite xenoliths in the basalts) includes material whose isotopic-geochemical parameters correspond to the primitive mantle. Studies of partial melting zones in mantle xenoliths from Tumbusun-Dulga vol- cano show that the partial melting of primitive mantle material may yield parental melts containing > 14 wt % MgO. Figure 8 shows our data on the He isotopic system and the broad variations in the 3 He/ 4 He ratio from values typical of the atmosphere to those of hotspots and/or primitive mantle.
Variations in the He Isotopic Composition of Xenoliths From the Khamar-Daban Range
Values typical of the atmosphere were determined in three of the 22 examined samples. The highest values were detected in samples 826 and 978, and the 3 He/ 4 He ratios of the olivine are two to three times higher than those of the whole-rock samples. Analogous relations were also found in sample 979/152 (Figure 8) .
It is interesting to analyze the variations within sample 979/152 of spinel lherzolite, whose He isotopic composition was determined (in the whole-rock sample and in olivine of various populations, including experiment on its leaching) [Grachev, 1998 ]. The 3 He/ 4 He ratio varies from 2.3 to 18 × 10 6 . The lowest value was yielded by the whole-rock sample, and the highest one by olivine after its leaching with HCl. What is important, olivine porphyroclasts and neoblasts differ in He isotopic composition, which is more that twice as low in the porphyroclasts as in the neoblasts.
The occurrence of a number of olivine populations in mantle xenoliths is explained by the long-lasting deformation history of the latter as a result of solid-plastic flows in the mantle before the xenoliths were brought to the surface [Mercier and Nicolas, 1975] . Extensive studies indicate that these deformations occur in the presence of fluid and are associated with metasomatism and partial melting. These processes enriched the partial melting zones in U and modified their He isotopic ratios. Such changes were detected in sample 979/152, whose partial melting zones contain up to 1500 × 10 −9 g/g U, i.e., roughly 1000 times more than this concentration in the olivine and 100 times more than its concentration in the xenolith [Grachev and Komarov, 1994] . In this process, the 3 He concentrations remained unmodified, and the 4 He concentrations increased and thus decreased the 3 He/ 4 He ratio. Since practically all mantle xenoliths show traces of mantle metasomatism, the He isotopic ratio of the whole-rock samples are always lower than those of their olivine.
The latest data on the He isotopic composition of mantle xenoliths in basalts from the Pannonian Basin, Bohemian Massif, Vitim Plateau, northern Tien Shan, and Lanzarote Island [Grachev, 2012a [Grachev, , 2012b [Grachev, , 2013 Grachev et al., 2014] demonstrate that the variations in the 3 He/ 4 He ratio can be controlled by several factors, first of all, by the U concentration, the effect of cosmic irradiation, and the occurrence of partial melting zones. To accurately compare data on He isotopic composition, these data must be obtained by the crushing techniques, which makes it possible to extract 3 He from gas-liquid inclusions in olivine. The variations in the 3 He/ 4 He ratio in the olivine porphyroclasts and neoblasts may reach the same orders of magnitude.
Heterogeneity of the Chemical and Isotopic Composition of the Mantle Beneath North Eurasia
This study was conducted based on our database (more than 300 analyses) on the composition of xenoliths. For comparison, we also used data from [Maaloe and Aoki, 1977] on xenoliths in basalts from Europe. Our earlier factor analysis of the chemical composition of mantle xenoliths [Grachev, 1989] has revealed that the type of the mantle material (degree of its depletion relative to the chondrite reservoir) is determined by the CaO, Al 2 O 3 , and MgO concentrations. Undepleted mantle is characterized by high CaO, Al 2 O 3 (> 3 wt %), and MgO (35-37 wt %). Figure 9 shows variations in the mantle composition beneath Europe and Asia in comparison with the composition of the whole continental mantle. As can be readily seen from the comparison of the variations in the composition of xenoliths in Figure 9 with data on xenoliths from Tumbusun-Dulga volcano in Figure 3 , all of the xenoliths display analogous compositional trends and relations. This led us to conclude that the continental mantle at its spinel depth facies is well enough homogenized. The comparison of the He signatures, considered together with data on the whole-rock composition and REE patterns, of mantle xenoliths at various scales highlights similar degrees of lherzolite mantle depletion due to various degrees of partial melting of the primitive original composition.
There is another real process related to mantle convection: the mixing of various reservoirs, for example, a plume component plus subducted lithosphere. Chemical geodynamics offers a diversity of mixing scenarios based on data on the isotopic composition not only in the He-Ar and Nd-Sr systems but also of Pb, Hf, and Os, but only the former two systems have implications for mantle geodynamics. Table 3 presents our data on the Sm-Nd isotopic ratios of mantle xenoliths in basalts in various areas in northern Eurasia. These data were plotted in a diagram of these ratios (Figure 10 ), which obviously shows that all of the samples from various areas in Northern Eurasia plot within the region typical of the lherzolite mantle beneath Europe.
It follows that, similar to the variations in the chemical composition, the heterogeneity of Sm-Nd isotopic composition of the upper mantle beneath northern Eurasia is constrained within fairly narrow limits.
Currently available estimates for the Sm-Nd and Os dates for the continental mantle beneath Asia correspond to approximately 2 Ga. The oldest age was determined for the mantle beneath the Tien Shan: the Sm-Nd isochron of three minerals (olivine, diopside, and enstatite) corresponded to an age of 2894±180 Ma [Grachev et al., 2014] . Figure 10 . Sm-Nd diagram for the composition of mantle xenoliths in northern Eurasia. The heavy line contours the composition of the continental mantle beneath Europe (according to [Downes, 2001] ).
The discovery of primary (planetary) 3 He on Earth in 1969 [Mamyrin et al., 1969] has stimulated studies of the He isotopic composition of, first and foremost, mantle rocks. The pioneering publication by I. N. Tolstikhin et al., which presented data on the He isotopic composition of samples from Kamchatka, Stanovoi Highland, Spitsbergen, and Antarctica, was followed by papers presenting data mostly on ultramafic xenoliths and basalts from oceanic islands. A few studies were centered on the He isotopic composition of ultramafic xenoliths and their host basalts within the continental lithosphere, but before our research, no such data have been obtained at all in Asia. The very first data on the He isotopic composition of mantle xenoliths in northern Eurasia were published in [Drubetskoi and Grachev, 1987] . It has been proved that mantle xenoliths (spinel lherzolites) in the Baikal Rift Zone (BRZ) usually hosted in the neck facies of basalts have various 3 He/ 4 He ratios. Two mantle reservoirs were then distinguished: one of them has a 3 He/ 4 He ratio much higher than the atmospheric one R 0 = 1.39 × 10 −6 and higher than the ratios typical of the MORB reservoir (R/R 0 = 8 × 10 −6 ) and pertains to the southwestern flank of BRZ (Khamar-Daban Range), and the other one has a 3 He/ 4 He ratio close to the atmospheric one and is spatially restricted to the northeastern flank, the Tchara Rift (Udokan Range). These data and those on the chemical composition and He isotopic composition of basalts hosting the mantle xenoliths lead to the conclusion that the mantle underlying BRZ is characterized by at least two mantle reservoirs. It is important that all of the experiments were carried out by the melting technique. Later [Staudacher and Allegre, 1991] also applied this technique to study the He isotopic composition of xenoliths from the Vitim Plateau and Taryat Depression in Mongolia and demonstrated that the R/R 0 ratio exceeds that typical of MORB (R/R 0 = 8 × 10 −6 ). The effect of cosmogenic He is so far uncertain.
The disadvantage shared by all papers published before ours was that, first, the studies of the He isotopic system were not coupled with detailed petrological and geochemical studies of the xenoliths themselves, and second, no variations in the He isotopic composition were simultaneously studied in the xenolith samples and within the sampling sites. Our data demonstrate that even within a single xenolith sample, olivine porphyroclasts and neoblasts have different He isotopic ratios: the R/R 0 ratios of the porphyroclasts are two to three times higher than in the neoblasts because of magma hydraulic fracturing induced by in-situ melting of xenoliths before their entrainment by melt. He diffusion within individual mineral grains in xenoliths is still inadequately poorly understood with regard for the usually old model ages (> 2 Ga) of the xenoliths.
Another important aspect of our studies is possible correlations between He, Sr, and Nd isotopic ratios. It was proved that the He isotopic ratios are not correlated with those of Sr and Nd and that these systems evolve independently.
While the technique most commonly applied in studying He isotopic composition involves crushing grains of olivine and other minerals to extract He from gas-liquid inclusions hosted in these minerals, which makes the values thus obtained independent of any metasomatic alterations that always variably affect all xenoliths, the Sr and Nd isotopic systems can, conversely, be significantly modified by these alterations. This has been demonstrated by studies of the so-called red mantle xenolith suite, in which metasomatism is pronounced most obviously (at the Udokan Range, Lanzerote Island, and Syria).
